Hypoxic ischemia is a common cause of brain injury in the human neonate. This can be mimicked in the neonatal rat, but produces variable injury. The present study investigated the influence of litter size on the severity and variability of damage caused by hypoxic-ischemic injury in neonatal rats. Groups of 7-d-old pups from birth-sized litters (13-15 pups), or from litters culled to 10 on postnatal d 2, and 8-and 9-d-old pups from birth-sized litters, were exposed to common carotid artery occlusion and then, 3 h later, hypoxia (2 h 15 min, 8% oxygen). Damage was assessed histologically 72 h after injury, and graded (I-IV) according to severity. In nonculled litters, similar numbers of animals had each grade of injury. Most pups (70%) from culled litters had grade III or IV damage, and severity was significantly greater than in nonculled litters (p Ͻ 0.001). Pups from culled litters were heavier (17.6 Ϯ 0.4 g) than pups from nonculled litters (14.7 Ϯ 0.3 g, p Ͻ 0.0001). To determine whether this indicated that culled litters were more similar to older pups in their response to hypoxic-ischemic injury, we examined injury in 8-and 9-d-old pups of similar body weight to 7-d-old pups from culled litters. The severity and distribution of damage in the older pups was different from damage in the 7-d-old pups from culled litters. These data suggest that in 7-d-old rats, litter size influences damage caused by hypoxicischemic injury, and that the relationship between body weight, brain development, and susceptibility to hypoxic-ischemic injury is complex. Hypoxic-ischemic injury in neonates occurs as a result of intrauterine hypoxia and birth asphyxia and is a significant cause of death and disability (1, 2). To study the mechanisms underlying hypoxic-ischemic injury in the laboratory setting, the injury can be mimicked in the neonatal rat (3).
Hypoxic-ischemic injury in neonates occurs as a result of intrauterine hypoxia and birth asphyxia and is a significant cause of death and disability (1, 2) . To study the mechanisms underlying hypoxic-ischemic injury in the laboratory setting, the injury can be mimicked in the neonatal rat (3) .
A commonly used animal model to study perinatal hypoxicischemic brain damage is the 7-d-old rat subjected to unilateral common carotid ligation followed by exposure to 8% oxygen (4, 5) .
The severity of damage caused by hypoxic-ischemic injury in the 7-d-old rat is variable, often requiring 25-30 animals per group, and a similar number of controls, to test treatments and interventions (6 -9) . Variation is reportedly limited by using pups of similar body weight (10 -12) , and several studies have culled litters, possibly to reduce variation in body weight (10, 13, 14) , but no universal protocol has been followed. A previous study observed that pups assigned to litters of six on postnatal d 1 (P1), were more susceptible to injury on P7 than those from litters of 14 (6) . However, in this study, damage was assessed by measurement of brain size.
Thus, the aim of the present study was to investigate in more detail the effect of culling litters on the damage caused by hypoxic-ischemic injury in the 7-d-old rat, and to determine the relationship between body weight and injury severity in culled and nonculled litters. Pups from culled litters were found to be heavier than those from birth-sized litters. By comparing damage in culled pups with older pups of a similar weight from birth-sized litters, we tested the hypothesis that susceptibility to hypoxic-ischemic injury in culled litters was influenced by maturity and body size.
METHODS

Animals.
Time-mated, pregnant female rats (Sprague Dawley, Charles River, Margate, Kent, U.K.) were housed individually in a temperature-controlled (19 -22°C), artificially lit (0800 -2000 h) environment, and provided with food (CRM, Labsure, Poole, Dorset, U.K.) and water ad libitum. Pups were delivered spontaneously, and the day of birth was defined as P0. Pups remained with the dam until surgery. All surgical procedures were performed in accordance with the U.K. Animals (Scientific Procedures) Act, 1986. assessed 12 randomly selected brains and recorded levels of damage with 95% consistency with the first observer.
Grading scale. In 7-d-old and some 8-(39%) and 9-d-old (13%) animals, damage appeared bilaterally, normally with larger areas of tissue damage on the ipsilateral side. Assessment was based on the nature of the ipsilateral damage only.
Grade I was defined as pale eosinophilic staining (also seen in controls) together with disruption of regular tissue architecture, (including irregular distribution of nuclear hematoxylin stain) in the body of the corpus callosum and the posterior limb of the internal capsule, compared with surrounding tissue.
Grade II was defined as further disruption of tissue as shown by pale eosinophilic staining, and irregular hematoxylin staining in the arm of the corpus callosum, with enlargement of damage in the internal capsule.
Grade III was defined as disruption of the corpus callosum and hippocampal damage indicated by loss of deeply stained (basophilic) cells in the CA1/CA3 regions; some regions of neuronal loss were seen in the ipsilateral cortex with Ͼ5% of the ipsilateral cortex damaged and Ͻ35% of the ipsilateral subcortical tissue damaged.
Grade IV was defined as infarction in most (Ͼ75%) of the ipsilateral hemisphere (including both cortical and subcortical areas) and definite hippocampal ablation ipsilaterally.
Statistical analysis. Differences in damage between the groups were examined using 2 analysis. Body weights were analyzed using t test and Welch's correction. The relationship between body weight and brain damage was analyzed using a Pearson correlation. Data are expressed as mean and SE.
RESULTS
Severity of hypoxic-ischemic injury.
No damage was seen in either naïve (n ϭ 5) or sham-operated animals (n ϭ 6). All pups from nonculled litters subjected to hypoxic-ischemic injury exhibited brain damage, which varied from mild (grade I, n ϭ 10) to severe infarction (grade IV, n ϭ 9) (Figs. 1 and  2 ). Typically, damage in the corpus callosum and internal capsule was characterized by regions of pale staining and disruption of structure ( Figs. 2 and 3 ). In animals with more severe grades of injury, damage extended laterally in the corpus callosum, into the hippocampus, and from the internal capsule into the surrounding tissue; as severity increased this became continuous with the damaged lateral portion of the corpus callosum. In more severely damaged brains, disruption of tissue architecture extended further into the overlying cortex and ventrally from the corpus callosum and the internal capsule 
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into thalamic tissue. The most severely affected animals exhibited complete cortical infarction of the hemisphere, with tissue damage in subcortical structures throughout the entire rostrocaudal axis (Fig. 2) .
Influence of litter size on brain damage. As described above, animals from nonculled litters (containing 13-15 pups) subjected to hypoxic ischemia presented with variable damage, which was distributed almost evenly across all four grades of injury (Fig. 4A) . In contrast, the majority (37/41) of the animals from culled litters (10 pups/litter) presented with severe damage (grade III or IV), only four animals presented with grade II damage (Fig. 4A) . Statistical analysis confirmed the distribution of damage in culled litters was significantly different from nonculled P7 litters ( 2 , p Ͻ 0.001). Of the 75 animals used in the study, one died during hypoxia and four died during surgery.
Relationship between body weight and brain damage. In the same population, the relationship between body weight and brain damage was examined. Seven-day-old pups from culled litters were significantly (p Ͻ 0.0001) heavier (range 12.5-23.5 g) than pups from nonculled litters (12.3-17.7 g, p Ͻ 0.0001). There was no relationship between body weight and the grade of damage in pups from nonculled litters. In culled litters, there was a correlation between body weight and injury severity, with heavier pups having more severe damage (p Ͻ 0.05, Fig.  4B ).
Hypoxic-ischemic injury in 8-and 9-d-old litters. To determine whether the severe damage observed in the heavier, culled pups reflected enhanced maturity, we examined the effect of injury in 8-d-old pups from nonculled litters, in which body weight was similar to those from 7-d-old culled litters, and in 9-d-old animals from nonculled litters, in which body weights were above the 75th percentile of 7-d-old pups. There was no correlation between body weight and injury in either the 8-d-old pups or the 9-d-old pups, and in both groups damage was variable and distributed almost equally across all four grades of injury. The pattern of white matter injury in the older (8-d and 9-d) animals was also different from the 7-d animals. All 7-d-old pups subjected to hypoxic-ischemic injury had bilateral damage in the corpus callosum and the internal capsule (regions containing fiber tracts of myelinated axons, sections. All sections were taken at the level where the internal capsule and the hippocampus were both visible. On P7 (A), P8 (B), or P9 (C), animals from birth-sized litters were subjected to unilateral common carotid artery ligation and section. They were allowed to recover from surgery and then exposed to 2 h 15 min in an 8% oxygen environment kept at 36 -37°C. Scale bar ϭ 1.8 mm. i.e. white matter). In 8-d-old pups, the bilateral damage was less frequent (39%) and in 9-d-old pups was absent in the majority (87%) of animals.
Of the 56 animals used in this study, 10 died during hypoxia. Hypoxic-ischemic interval. In the same experiment, the time between occlusion of the carotid artery (i.e. onset of ischemia) and entry into the hypoxic chamber was recorded and varied between animals (3-5.7 h). Subsequent analysis revealed that the length of this interval had no relationship to the degree of damage (data not shown).
DISCUSSION
Standard hematoxylin and eosin histologic staining was used to differentiate between viable and nonviable tissue. This has advantages over other commonly used methods such as measurement of brain mass, edema, neuronal excitability in damaged regions, or behavioral outcomes (16 -19) , which do not permit analysis of cellular or regional damage, or reveal subtle changes in tissue or cellular integrity. To illustrate the variation in the extent of damage caused by hypoxic-ischemic injury, damage was assessed by categorizing severity into four bands. This has advantages over measurement of lesion volume inasmuch as hypoxic ischemia causes diffuse injury in selective regions. Furthermore, direct measurement is inaccurate where hemispheric swelling or shrinkage is associated with the lesion, so normally an indirect approach is used to calculate lesion volume (20) . These methods assume the contralateral hemisphere is undamaged, with no swelling or shrinkage. We attempted to use such a method in the present study, and for animals (7-d-old) exhibiting extensive infarction (grade IV) calculated a lesion volume of 203 Ϯ 22 mm 3 . In the present study, however, we believe that this approach is misleading. As reported previously (12) , there is damage and edema in the contralateral hemisphere, and although some animals had considerable swelling of the ipsilateral hemisphere (up to 140% of the contralateral volume), others had considerable shrinkage (reduction in volume of up to 40%). Thus, the calculations of lesion volume are inaccurate. Therefore, in the present study, we used the method of grading injury severity as used previously (21, 22) .
The variation in damage observed between pups from nonculled litters was consistent with data presented by Rice et al. (3) , who noted that 56% of animals had a discrete area of infarction, as did 46% of all the 7-d-old animals in the present study. The nature and cause of this variation is unknown. We have demonstrated that damage is maximal 72 h after injury (data not shown), so the variation observed within this experimental group was not because damage is still progressing, but could relate to other experimental and/or biologic variants.
In 7-d-old litters culled to 10 pups, damage was statistically different from nonculled pups, with most (90%) animals exhibiting severe injury with cortical infarction, and hippocampal and thalamic damage. The fact that in nonculled litters animals exhibited all grades of damage, whereas those from culled litters exhibited mainly grade III and IV damage, indicates that variation was reduced in the latter. Pups of this age are capable of regulating body temperature independently of heat derived from the dam (23, 24) . However, it is possible that pups from culled litters have a higher body temperature than those from birth-sized litters through spending more time in close proximity to the mother. Because hypothermia can protect the brain from hypoxic-ischemic injury (25) (26) (27) , such an increase in body temperature could influence the extent of brain injury to cause more severe damage. We did not investigate this possibility in the present study as this would require repeated measurement of body temperature, which is associated with a stress response that would confound results. Pups from culled litters had a greater body weight (17.6 Ϯ 0.4 g) than those from the nonculled litters (14.7 Ϯ 0.3 g, p Ͻ 0.0001). There was a correlation between body weight and injury severity in the culled litters, but not the nonculled litters; thus, heavier animals appear to be more susceptible to injury. Pups from culled litters may be heavier due to greater milk availability, and it has been reported that reducing maternal food intake significantly impairs brain development (for review, see ref. 28 ). Thus, increased susceptibility to hypoxic-ischemic injury may reflect enhanced maturity (e.g. brain development) in the culled litters.
Several protective mechanisms may operate in younger animals, including higher efficiency of the oxygen transfer (29) , and (A) Severity of damage in pups from culled and nonculled litters injured on P7 and in pups from nonculled litters injured on P8 and P9. The distribution of damage in P7 culled litters was significantly different from nonculled P7 litters (p Ͻ 0.001). Animals were subjected to unilateral common carotid artery ligation and section, allowed to recover from surgery, and then exposed to 2 h 15 min in an 8% oxygen environment, kept at 36 -37°C. (B) Grade of damage and body weight. Level of damage is plotted against body weight (g) pups from culled litters injured on P7. There was a correlation between body weight and injury severity, with heavier pups having more severe damage (p Ͻ 0.05).
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the ability to use lactate as a substrate for glycolysis (30) and to divert energy resources away from nonessential processes of growth (31, 32) . These mechanisms are gradually lost as the animal matures (33) . In younger animals, there is a lower density of ion channels, which limits damaging changes in membrane potential that can occur because of hypoxic-ischemic injury (34, 35) . Furthermore, the number and distribution of excitatory amino acid receptors changes during development (36) .
The hypothesis that the increased susceptibility of culled litters to hypoxic-ischemic brain damage was due to enhanced maturity was not supported by our comparison of damage in 7-d-old pups from culled litters with damage from older pups from birth-sized litters. The older animals (8-d-old) from nonculled litters had comparable body weights (16.7 Ϯ 0.2 g) to pups from 7-d-old culled litters, but the damage was variable; 20 -30% had each grade of damage (Fig. 4A) . These data suggest that the 7-d-old culled litters are not equivalent to 8-d-old nonculled litters, and that body weight is not the sole predictor of damage severity, though it is possible that age and body weight each has an independent effect on susceptibility to hypoxic ischemia. Furthermore, damage in pups from 9-d-old nonculled litters whose body weights (19.2 Ϯ 0.4 g) were comparable to the 75th quartile of the culled group was also variable (13-35% having each grade, Fig. 4A ).
There was a reduced incidence of contralateral white matter damage in the older (8-d and 9-d) animals compared with the 7-d-old animals (as described in the "Results" section). These findings are consistent with previous reports (37) and suggest that, in common with the human, the increased susceptibility of regions of white matter to injury becomes less pronounced with age. It is possible that detailed examination of all aspects of pup development would reveal differences between culled and nonculled litters. However, the different pattern and severity of damage observed in 8-and 9-d-old pups, compared with 7-d-old culled pups, suggests that the increased susceptibility to damage in the culled litters is not explained by a general enhancement of maturity, and is unlikely to be due to uniformly enhanced brain maturity.
Thus, reducing litter size by culling results in heavier pups that are more susceptible to hypoxic-ischemic injury. The mechanisms underlying the effect of litter size on susceptibility to hypoxic-ischemic injury are presently unknown. Body weight alone is not a reliable indicator of susceptibility to hypoxic-ischemic injury in birth-sized litters, and although culling litters may influence the development of pups, the present data suggest the effect on brain development is complex because damage severity and the pattern of white matter damage is different from the older pups.
